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Summary
Objective: The purposes of this study were to quantify patellofemoral histology in the feline knee 67 months post-anterior cruciate ligament
transection (ACL-T) and to apply an in situ static load of physiological magnitude to the articular cartilage and evaluate the resulting cartilage
and chondrocyte deformation.
Design: Six cats were sacriﬁced 67G 6 months post-unilateral ACL-T. Static compression was applied to the cartilage surfaces of the
patellofemoral joint using a cylindrical metal indentor. After ﬁxation, full thickness osteochondral blocks were harvested and sections cut from
not-indented and indented areas. Chondrocyte shape, orientation and volumetric fraction as well as cartilage thickness were evaluated.
Results: Experimental and contralateral patellae were histologically different compared to normal with thickened cartilage, rounded superﬁcial
chondrocytes, and uneven proteoglycan staining throughout. In contrast, no differences were apparent in 10 of the 12 femoral groove
samples. The structural reorganisation of the experimental patellae cartilage that occurred with load was also different compared to normal.
Speciﬁcally, the indentation shape was deeper and had steeper sides and the realignment of deep zone cells at angles of 45( and 135(
observed in normal cartilage was no longer apparent in the experimental tissue.
Conclusions: Two directly articulating cartilage surfaces of the feline patellofemoral joint have completely contrasting responses to long-term
ACL-T. We speculate that this could be a result of the different nature of the loads experienced by the two surfaces (intermittent vs constant)
and/or the differences in the histology and material properties of the two tissues in their normal state, and/or an inherent difference in the
biological response capabilities of the articular cartilages.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Focal chondral or osteochondral defects such as softening,
swelling, ﬁbrillation or ﬁssuring are frequently observed in
the human patellofemoral joint at surgery or autopsy1e4. For
example, in one autopsy series, 92 of 98 individuals (aged
four to 94 years) demonstrated either overt cartilage
ﬁbrillation or full thickness cartilage loss covering 5e100%
of the patellofemoral surfaces1. Of 1000 consecutive knee
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defects and 3% demonstrated focal lesions in the patellofe-
moral cartilage2. Furthermore, patients with lesions fre-
quently had an associated meniscal and/or ligament injury2.
The majority of research investigating the aetiology of
patellofemoral cartilage defects has focused on joint
biomechanics e correlating defective areas to contact
areas and pressures throughout the range of motion of
the knee3,5e8. Less attention has been given to other
possible factors such as the different material properties,
biochemical composition and histological architecture of the
cartilages4,9,10.
Surgical section of the anterior cruciate ligament is
perhaps the most thoroughly characterized animal model
of osteoarthritis (OA)11. This model has been studied in
a wide variety of animal species including the dog12, cat13,
rat14 and rabbit15. Work involving the dog and cat has
enabled some of the more clinical manifestations of OA,
such as changes to gait patterns16,17, joint instability18 and
load redistribution within and between joints19e21, to be
evaluated in parallel to the histological, biochemical and
metabolic pathology13,17,22e25. To date, these models have00
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anterior cruciate ligament transection (ACL-T), however,
only rarely have animals been maintained long-term to
study the later adaptations to this joint injury.
It is well accepted that chondrocytes and their nuclei
deform when a load is applied to articular cartilage26,27.
Furthermore, chondrocyte deformation has been shown to
inﬂuence, either directly or indirectly, the biosynthetic
activity and thus the health of articular cartilage28e30. Data
in this area, however, have been almost exclusively derived
from experiments using healthy articular cartilage and
in vitro explant loading conditions. It is currently unknown if
the biological andmechanical responses of articular cartilage
chondrocytes differ in extracted and isolated plugs of
cartilage and bone compared to the intact native environ-
ment within a joint. Furthermore, the magnitude and
frequency of applied loads are often chosen to determine
material properties rather than to mimic the forces
experienced by the articular cartilage in vivo.
The magnitude and distribution of forces and surface
pressures experienced by the healthy and ACL-T feline
patellofemoral joint in vivo and in situ have been well
characterized21,25,31. Additionally, an experimental protocol
has been developed recently which enables articular
cartilage to be statically loaded while still fully intact and
attached to its native bone32. This methodology has already
been harnessed to compress normal feline patellofemoral
joint cartilage and to evaluate the resulting cartilage and
chondrocyte deformation systematically throughout the
depth of the tissues.
The purpose of this study was, ﬁrstly, to quantify
patellofemoral histology in the feline knee 67 months
post-ACL-T, and secondly, to apply an in situ static load
of physiological magnitude to the articular cartilages and to
systematically evaluate the resulting cartilage and chon-
drocyte deformation.
Methods
SPECIMENS AND PREPARATION
The study was approved by the Animal Care Committee at
The University of Calgary in accordance with the guidelines
of the Canadian Council on Animal Care. Six skeletally
mature outbred male cats over 1 year old were studied
(Table I). ACL-Twas carried out on the left hindlimb of all cats
using open surgery13,25 with the contralateral stiﬂe serving
as an internal control. The animals had a mean mass of
6.7 kg at euthanasia 57e74 months after surgery (Table I).
All experiments were completed within 19 h of sacriﬁce
and the order of hindlimb dissection (left or right) was
randomised with the second joint being kept intact until
Table I
Sacrifice date post-ACL-T, mass upon sacrifice and indentation
load applied for each animal
Animal
identiﬁer
Sacriﬁce date post-ACL-T
(months)
Mass (kg) Load
(MPa)
Bub 57 8.3 15
Mur 59 4.0 9
Cas 64 8.0 15
Kra 69 6.8 9
Dud 70 7.6 9
Pav 74 5.3 9
MeanGSD 67G 6 6.7G 1.7completion of the experiments on the ﬁrst leg. Hindlimbs
were disarticulated, inspected for signs of degeneration and
the patella and femur were separated from the knee (the
femur being cut approximately 2 cm proximal to the femoral
groove). Once exposed, cartilage surfaces were moistened
with physiological saline (0.15 M NaCl) to maintain hydra-
tion. The patella and femur were each held with methac-
rylate cement inside a glass funnel (to hold ﬂuids) placed
inside a stainless steel bone holder.
CARTILAGE LOADING AND FIXATION
A 1 mm diameter, cylindrical, ﬂat-ended, stainless steel
indentor was attached in series to a proving ring strain
gauge mounted in a materials testing machine (Instron
1122). The load precision (two standard deviations (SD))
and resolution of the strain gauge were 0.12 N and 0.065 N,
respectively. The strain gauge ampliﬁer output was linked to
a computer with analogue to digital converters and
Computer-based Oscillograph and Data Acquisition System
(CODAS) software (v6.02 Dataq Instruments Inc. Akron,
OH, USA) to monitor the continuous load applied by the
indentor. A 6-degree-of-freedom loading jig was used to
align the indentor in the middle of the femoral groove or
patellar cartilages with the ﬂat end parallel to the cartilage
surface. Cartilage was kept hydrated throughout loading.
A stress-relaxation test was then performed (Fig. 1). The
indentor was lowered at a constant velocity of 4 mm s1
perpendicular to the cartilage surface until a load of 7.1 N
(nZ 4) or 11.8 N (nZ 2) was reached corresponding to
average surface pressures of 9 MPa or 15 MPa across the
indentor area (Table I). The values of 9 MPa and 15 MPa
are the average and peak contact pressures, respectively,
occurring in the feline patellofemoral joint at a peak
patellofemoral contact force of 170 N which occurs during
normal cat gait21,31. The cartilage was then left to stress
relax for 20 min by which time it was approaching
mechanical equilibrium (Fig. 1). The saline was then
removed and the cartilage was then ﬂooded with a solution
of 0.7% ruthenium hexammine trichloride and 1e2%
glutaraldehyde (v/v) (in 0.05 M cacodylate buffer, pH 7.4)
similar to previous work32,33. Upon application of the
ﬁxative, the equilibrium force dropped further possibly due
to shrinkage of the cartilage34 and/or the difference in
the densities of the ﬁxative compared to the saline solution.
The cartilage from the femoral grooves, contralateral
patellae and experimental patellae were ﬁxed for 2, 4 or 5 h,
0
2
4
6
8
10
12
0 60 120 180 240 300
Time (mins)
Fo
rc
e 
(N
)
20 minutes
stress relaxation 
removal of saline and
addition of fixative 
>78%
final
relaxation
100%
final
relaxation
Fig. 1. Typical stress-relaxation curve for a 15 MPa experimental
patellar sample. Maximum forceZ 11.8 N. After 20 min relaxation
all samples had reached O78% of ﬁnal relaxation.
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penetration characteristics of the tissue determined in
pilot testing. Once ﬁxed, the indentor was removed and
the cartilage stored in 10% neutral buffered formalin until
processed.
CARTILAGE PROCESSING
Full thickness osteochondral blocks (3! 1 mm2) were
harvested from the centre of the femoral groove or patella
using a scalpel. Each block had the indent at the centre and
the long axis oriented proximal/distal (parallel to the
cartilage splitlines). These blocks were post-ﬁxed in
Karnovsky’s ﬁxative and osmium tetroxide before being
embedded in Spurr’s resin (EMS Cedarlane Laboratories
Ltd., Ontario). Sections 0.5 mm thick were cut in the
transverse plane across the centre of each indent (referred
to as ‘indent’ sections) and 1 mm proximal/distal to this
(referred to as ‘not-indented’ sections). Sections were dried
on a hotplate before staining with toluidine blue35.
There was some error involved in locating the centre of
an indent due to having to cut ‘blind’ through the
indentations with a microtome. Post-ﬁxation and embedding
of the osteochondral blocks stained them very darkly and so
locating the exact centre of an indentation was very difﬁcult.
Our position in the indent was estimated by measuring the
width of the indentation in sections taken at frequent
intervals through the stack of serial sections cut through
the block. The ﬁnal indentation width (meanG SD) in the
analysed sections was 851G 121 mm.
DATA ANALYSIS
One indent and one not-indented section chosen from
each osteochondral block were photographed at 20!, 40!
and 63! through a light microscope (Axioplan 2, Zeiss).
The resulting slides were scanned (ﬁnal image resolution
2.00, 4.03 and 6.35 pixels/mm, respectively (Table II)), into
a computer ready for analysis. A modiﬁed Mankin et al.36
histologicalehistochemical grading system (Table III) was
used by a single observer to evaluate the extent of cartilage
damage on all sections. The modiﬁed scale substituted
toluidine blue for safranin O as the metachromatic dye
indicating the presence of proteoglycans in the cartilage
matrix.Using Adobe PhotoShop software (v5.0.2 Adobe Sys-
tems Inc.), the chondrocytes in each section were manually
traced and the cartilage pictures then reduced to black
(matrix) and white (chondrocytes) images (Fig. 2). At least
150e200 chondrocytes were analysed from each section
(Table II) and only chondrocytes located directly under-
neath the indentor were analysed in indented samples (Fig. 3).
Axes in the x and y directions were deﬁned as being
parallel and perpendicular to the cartilageebone interface,
respectively (Fig. 3). Scion Image software (v beta4.0.2
Scion Corporation) was then used to approximate each
chondrocyte as an ellipse and measure the centroid x, y
coordinates, the major and minor axes and the angle of the
major axis to the horizontal for each ellipse. Chondrocyte
aspect ratio (height/width of a cell) was chosen as a two-
dimensional measure of cell shape rather than the one-
dimensional parameters of cell height or width alone.
Chondrocyte aspect ratio is prone to bias as are all
estimators of cell shape37. Furthermore, the vertical axis
of symmetry required for chondrocyte height or width data
to be reasonable indicators of cell shape37 was not
apparent in many of the chondrocytes in our data where
the angle of the major axis to the horizontal was not 0(, 90(
or 180( (Figs. 4 and 5). Aspect ratio was deﬁned as follows:
if 45!q!135 aZj=i ;
else aZi=j
where q is the angle of the major axis to the x axis, j the
major axis length and i the minor axis length32. The
discontinuities that exist at 45( and 135( as a consequence
of this deﬁnition (Fig. 5) and their minimal impact on
chondrocyte aspect ratio data from feline patella and
femoral groove cartilages are discussed in detail in previous
work32. Serial sections conﬁrmed that chondrocyte aspect
ratio was consistent in both patella and femoral groove
cartilages in the z direction. As in previous work, a loga-
rithmic transformation was then applied to the aspect ratio
data to make the variance monotonic with cartilage depth
and to make equivalent changes in shape in the horizontal
and vertical directions equally spaced from the neutral
(circleZ 10) geometry32. Transformed chondrocyte aspect
ratio is referred to as chondrocyte shape throughout this
paper.
To compare cartilages of differing thicknesses, depth was
normalised such that 0 represented the surface and 1 theTable II
Resolution, area and cell number of the field of view of images analysed for chondrocyte shape and orientation. Resolution values
demonstrate the range of resolutions used across samples. Area and cell number are meanG SD values
Contralateral Experimental
Normal Disparate
Resolution (pixels/mm) Patella Not-indented 4.03e6.35 2.00e4.03
Indented 6.35 4.03e6.35
Femoral groove Not-indented 6.35 4.03e6.35 4.03
Indented 6.35 6.35 6.35
Area analysed (!103 mm2) Patella Not-indented 371G 58 790G 177
Indented 220G 72 314G 81
Femoral groove Not-indented 210G 36 263G 79 569G 30
Indented 115G 12 145G 33 195G 15
Cell number Patella Not-indented 305G 86 394G 91
Indented 222G 37 230G 75
Femoral groove Not-indented 334G 94 353G 53 256G 26
Indented 221G 7 239G 41 187G 12
1103Osteoarthritis and Cartilage Vol. 13, No. 12cartilageebone interface. An average value of chondrocyte
shape was calculated for 5% or 10% bins of cartilage depth
such that nO 10 cells per bin.
The normalised change in chondrocyte aspect ratio (a)
was deﬁned as
aZðan  aiÞ=an;
where an is the aspect ratio in not-indented cartilage and ai
the aspect ratio in indented cartilage before application of
the logarithmic transformation32. The normalised change in
aspect ratio was calculated for each bin of the femoral
groove and patella and plotted as a function of cartilage
depth.
The highest resolution images that incorporated the
entire thickness of the articular cartilage on no more than
two photographs were chosen for the chondrocyte shape
and orientation analyses. The vast majority of these images
(70%) had a resolution of 6.35 pixels/mm (Table II). The
effect of image resolution on the cellular morphology results
was evaluated by repeated measurements of one contra-
lateral not-indented femoral groove section at 6.35, 4.03
and 2.00 pixels/mm. The maximum inter-resolution variabil-
ity (two SD) in cell shape was 0.91. All cells were traced by
the same observer and repeated measurements of one
experimental not-indented femoral groove section demon-
strated maximum intra-observer variability (two SD) in cell
shape of 0.58.
Adobe PhotoShop software was also used to measure
the thickness of all cartilage samples. The highest
resolution images of a section that showed the entire
thickness of the articular cartilage on a single image were
chosen. Images were rotated so that the cartilageebone
interface was horizontal. The y coordinates of horizontal
lines coinciding with the cartilage surface and the cartilagee
bone interface were then used to calculate cartilage depth.
This procedure was repeated for all images spanning the
width of the sample (1% n R 12) and an overall mean
Table III
Modified Mankin et al.36 histologicalehistochemical grading
scheme used to assess the extent of cartilage damage. This
modified scale substitutes toluidine blue for safranin O as the
metachromatic dye indicating the presence of proteoglycans in the
cartilage matrix
Category Subcategory Score
Structure Normal 0
Surface irregularities 1
Pannus and surface irregularities 2
Clefts to transitional zone 3
Clefts to radial zone 4
Clefts to calciﬁed zone 5
Complete disorganization 6
Cells Normal 0
Diffuse hypercellularity 1
Cloning 2
Hypocellularity 3
Toluidine
blue staining
Normal 0
Slight reduction 1
Moderate reduction 2
Severe reduction 3
No dye noted 4
Tidemark
integrity
Intact 0
Crossed by blood vessels 1
Total 0e14value of cartilage depth for the sample was calculated
across all images. Cartilage compressive strain (3) was
deﬁned as follows;
3Zðtn  tiÞ=tn
where tn is the thickness of not-indented cartilage and ti the
thickness of indented cartilage32.
Traditionally, articular cartilage is divided into three
layers; the superﬁcial layer including oblate chondrocytes,
the middle layer containing more rounded single cells, and
the deep layer consisting of vertical columns of prolate
chondrocytes38. This histological deﬁnition could not be
easily applied to indented sections from this study where
cells throughout cartilage depth were ﬂattened. Further-
more, many experimental and contralateral cartilages
contained rounded chondrocytes and multiple clusters of
cells throughout the depth of the cartilage. Therefore, the
cartilage layers were deﬁned using values of the percent-
age of chondrocytes found within each morphologically
deﬁned layer calculated in normal feline tissue29,32. This
layer determining criteria is based on the assumption that
a)
b)
c)
Superficial Deep
Fig. 2. Superﬁcial and deep layer chondrocytes from a not-indented
experimental femoral groove (a) the original picture, (b) after
manual tracing with a computer mouse and (c) after reduction of the
picture to a black (matrix) and white (chondrocyte) image. Pictures
taken at 63! magniﬁcation, resolution 6.4 pixels/mm. The scale bar
in each image represents 5 mm.
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Fig. 3. Comparison of normal and experimental patellar cartilage in the not-indented and indented states. Experimental not-indented and
indented sections are from the same animal. The x and y directions and a 100 mm scale bar are indicated to the left and right of the
micrographs, respectively. All sections 0.5 mm thick, stained with toluidine blue and photographed at 20! magniﬁcation.the percentage of chondrocytes in a given layer remains
constant between sections. This assumption is reasonable
for comparing indented and not-indented sections but may
become problematic when comparing contralateral and
experimental sections. The clustering of cells in contralat-
eral and experimental sections may suggest that the
chondrocytes are dividing. If this is the case and division
occurs more in one layer than another, this would inﬂuence
our layer determination. The percentage of chondrocytes
would increase in layers where more division was occurring
and decrease relatively in the other layers.
Adobe PhotoShop software was utilised to draw the layer
boundaries on each section (Fig. 6) and a grid was
randomly rotated and overlaid onto each cartilage picture.
The grid spacing was chosen so that the smallest layer
contained at least 200 grid points. The intersection of the
grid with cells was used to estimate chondrocyte volumetric
fraction in each layer37. Chondrocyte volumetric fraction (V)
was deﬁned as follows;
VZpc=p t
where pc is the number of points falling on chondrocytes
and pt is the total number of points falling in each layer
32,37.STATISTICAL ANALYSIS
Statistical signiﬁcance was deﬁned as P! 0.05.
An analysis of variance (ANOVA) was conducted on the
cartilage thickness data and repeated measures ANOVAs
were conducted on the chondrocyte shape and chondro-
cyte volumetric fraction data. In these analyses, load (not-
indented, 9 MPa, 15 MPa) was investigated as a factor and
Tukey HSD and Bonferroni post hoc analyses were carried
out. In the repeated measures ANOVAs the repeated factor
was cartilage depth (0e0.1, O0.1e0.2, O0.2e0.3,
O0.3e0.4, O0.4e0.5, O0.5e0.6, O0.6e0.7, O0.7e0.8,
O0.8e0.9, O0.9e1.0) for the shape data and cartilage
layer (superﬁcial, middle, deep) for the volumetric fraction
data. These analyses revealed that there were no signiﬁ-
cant differences between the 9 MPa and 15 MPa loaded
groups in terms of cartilage thickness, chondrocyte shape
or chondrocyte volumetric fraction (PO 0.05). Consequent-
ly, the 9 MPa and 15 MPa groups were pooled to form
a single ‘indent’ group.
An ANOVA (with load (not-indented, indent) and disparity
(normal, disparate) as factors) conducted on the cartilage
depth data from all experimental femoral grooves demon-
strated that samples from the two disparate femoral
grooves were signiﬁcantly thicker (PZ 0.001) than sections
1105Osteoarthritis and Cartilage Vol. 13, No. 12Normal Not-indented
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Fig. 4. Chondrocyte orientation as a function of normalised cartilage depth (0Z surface, 1Z cartilageebone interface) for typical patellar
samples in the (a) normal not-indented, (b) normal indent, (c) experimental not-indented and (d) experimental indent states. Each point on the
graph represents a single chondrocyte. Shaded areas represent regions of interest in the data discussed in the text.from the other four. Consequently, all data from the
experimental femoral grooves of these two disparate
animals were excluded from further statistical analyses.
ANOVAs were conducted on the cartilage depth data and
repeated measures ANOVAs were conducted on the
chondrocyte shape and chondrocyte volumetric fraction
data with site (femur, patella), load (not-indented, indent)
and surgery (contralateral, experimental) as factors. The
repeated factor was cartilage depth (0e0.1, O0.1e0.2,
O0.2e0.3, O0.3e0.4, O0.4e0.5, O0.5e0.6, O0.6e0.7,
O0.7e0.8, O0.8e0.9, O0.9e1.0) for the shape data and
cartilage layer (superﬁcial, middle, deep) for the volumetric
fraction data. In all of these ANOVAs only two factors were
considered at a time due to the small sample size, n
(8 R n R 12).
A similar indentation experiment using articular cartilage
from healthy feline patellofemoral joints was previously
undertaken32. Although the healthy animals were not age-
matched to those in the present study, they provide helpful
reference data particularly as the contralateral limbs from
these long-term ACL-T animals could not be considered
true ‘controls’ as they also demonstrated signs of adapta-
tion to surgery as well as the experimental limbs.
Furthermore, in contrast to the dog, cats do not spontane-
ously develop OA with old age. Consequently, toluidine
blue sections, cartilage thickness data, and chondrocyte
orientation, shape, normalised change in aspect ratio and
volumetric fraction data have been incorporated into theﬁgures in this paper. These data were not, however,
included in the statistical analyses outlined above.
Results
CARTILAGE MORPHOLOGY
Macroscopically, osteophytic growth and/or full- or partial-
thickness cartilage erosions were observed at the distal
pole of four of the six experimental patellae. The ridges of
ﬁve of the experimental femoral grooves demonstrated
considerable osteophytic growth on both medial and lateral
sides. In one animal, the patella had displaced medially
where a ‘new groove’ had begun to form with the bone
being covered by a thin layer of cartilage like soft tissue.
The contralateral knees demonstrated disparities of a similar
nature to that observed in the experimental limbs though
considerably less severe and less frequently observed
across the six animals. Speciﬁcally, only two animals
showed minor cartilage damage at the distal pole of the
patella and three femoral grooves had osteophyte formation
on the medial ridges.
Microscopically, all experimental patellae were histolog-
ically different from normal with histologicalehistochemical
scores ranging from 3 to 8 (Fig. 7). The experimental
patellae were thicker (Fig. 6, Table IV), had an uneven
contact surface, and contained rounded chondrocytes in
columns and clusters throughout the depth of the cartilage
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Fig. 5. Chondrocyte orientation as a function of chondrocyte shape for typical patellar samples in the (a) normal not-indented, (b) normal
indent, (c) experimental not-indented and (d) experimental indent states. Each point on the graph represents a single chondrocyte.
Representative ellipses placed at their corresponding values of shape are shown pictorially on the x axis. Shaded areas represent regions of
interest in the data discussed in the text.[Figs. 6 and 8(a)]. The proteoglycan staining was unevenly
distributed throughout tissue depth, being greatly depleted
in the superﬁcial layer of the cartilage. Five of six
contralateral patellae demonstrated similar disparities as
described for the experimental patellae, though generally to
a lesser extent with histologicalehistochemical scores
ranging from 1 to 7 (Figs. 6 and 7).
In complete contrast, all contralateral and four of the six
experimental femoral grooves appeared nearly normal
histologically with histologicalehistochemical scores rang-
ing from 0 to 2 (Fig. 7) and thicknesses similar to those of
normal cartilage (Table IV). The articular surfaces were ﬂat,
the cartilage and chondrocyte architecture appeared normal
and the proteoglycan staining was distributed evenly
throughout the cartilage depth (Fig. 6). The two experimen-
tal femoral grooves that were different, however, showed
similar histological disparities as described for the experi-
mental patellae with histologicalehistochemical scores
ranging from 5 to 7 (Figs. 6 and 7, note the experimental
femoral groove scores for subjects Cas and Pav). Specif-
ically, these changes included thicker cartilage (Table IV)
with depleted proteoglycan staining in the superﬁcial layer
and an uneven articulating surface (Fig. 6). Superﬁcial layer
chondrocytes appeared more rounded [Figs. 6 and 8(b)]
and were arranged in clusters (Fig. 6).
On average, patella cartilage was thicker than femoral
groove cartilage (P! 0.01) and experimental cartilage was
thicker than contralateral cartilage (P! 0.01) (Table IV).Furthermore, the thicker cartilage of experimental com-
pared to contralateral sites was signiﬁcantly more pro-
nounced in patellar compared to femoral groove samples
(P! 0.01).
CARTILAGE COMPRESSIVE STRAIN
When indented, both patella and femoral groove carti-
lages were signiﬁcantly compressed (P! 0.05, Fig. 3,
Table IV).
All indentations of experimental patellae were deeper
(difference between the not-indented and indented cartilage
thickness values in Table IV) and had steeper sides
(a larger angle between the sides of the indentation and
the horizontal) compared to indentations of normal patellae
cartilage (Fig. 3). Furthermore, chondrocytes in the deep
layer of cartilage which reorientate to have the angle of their
major axes to the horizontal at approximately 45( or 135( in
normal indented patellae cartilage, remained randomly
orientated in experimental patellae cartilage [Figs. 3 and
4(b, d)] (note the clustering of cells about 45( and 135(
angles at depths O50% of tissue depth in normal but not
experimental indented cartilage) and Fig. 5(b, d) (note the
prolate cells clustering about 45( and 135( angles in
normal but not experimental indented cartilage). This
reorientation phenomenon is less dramatic in normal
femoral groove compared to patellar cartilage, therefore
any differences that might occur with the two disparate
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magniﬁcation.experimental femoral grooves were not apparent. The
deeper and steeper indentation shape was, however,
demonstrated in these two samples.
CHONDROCYTE SHAPE
In the superﬁcial layer of not-indented patellar cartilage,
chondrocytes appear more rounded in shape in experimen-
tal compared to contralateral and normal samples [Figs. 6
and 8(a)]. This can also be seen in Fig. 5 where the oblate
cells with shape values between 2 and 8 in normal cartilage
[Fig. 5(a)] are absent in experimental cartilage [Fig. 5(c)].
Furthermore, the clustering of cells about the horizontal axis
(180( and 0( angles of the major axis to the horizontal)
seen in the superﬁcial 10% of cartilage in normal patellae
[Fig. 4(a)] is absent in experimental cartilage [Fig. 4(c)]. This
difference was not statistically signiﬁcant. In contrast, the
chondrocytes in the normal looking femoral grooves (four of
the six experimental joints) resembled those in the
corresponding layers of contralateral and normal samples
[Figs. 6 and 8(b)]. The two experimental femoral groovesamples with microscopic differences, however, also
showed the tendency towards more rounded chondrocytes
in the superﬁcial layer [Figs. 6 and 8(b)].
On average, chondrocytes are signiﬁcantly more prolate
the deeper they are located in the articular cartilage
(P! 0.001, Fig. 8). Patellar chondrocytes are also more
prolate than femoral groove chondrocytes particularly in the
top 30% of tissue depth (P! 0.001, Fig. 8). On average,
chondrocytes are signiﬁcantly compressed by indentation of
the cartilage with chondrocytes in the top 50% of tissue
depth being affected more than those deeper in the
cartilage (P! 0.001). This latter effect can be seen more
clearly in Fig. 9. The normalised change in chondrocyte
aspect ratio was positive (cells becoming ﬂattened with
compression) for all samples and larger on average in the
top 50% compared to the bottom 50% of cartilage depth.
CHONDROCYTE VOLUMETRIC FRACTION
On average, volumetric fraction was largest in the
superﬁcial (maximumZ 0.14) and smallest in the deep
1108 A. L. Clark et al.: ACL-T patellofemoral joint cartilagelayer (minimumZ 0.04) of articular cartilage (P! 0.001,
Fig. 10). Chondrocyte volumetric fraction was smaller in
patellar compared to femoral groove cartilage in the
superﬁcial layer, and vice versa in the middle and deep
layers (P! 0.01, Fig. 10). In a similar manner, experimental
cartilage had a smaller chondrocyte volumetric fraction
compared to contralateral samples in the superﬁcial layer,
and vice versa in the middle and deep layers (P! 0.01,
Fig. 10).
Finally, volumetric fraction was signiﬁcantly less in the
superﬁcial and middle layers of indented compared to not-
indented samples, while the deep layer was not affected by
the indentation (P! 0.05, Fig. 10).
Discussion
In this study, we systematically quantiﬁed the histology of
feline patellofemoral joint cartilage 67G 6 months post-
ACL-T. Speciﬁcally, we found differences in 11 of the 12
not-indented patellar samples compared to not-indented
normals. These included thicker cartilage, rounded and
clustered superﬁcial layer chondrocytes, a ﬁbrillated and
ﬁssured cartilage surface and uneven proteoglycan staining
throughout the cartilage depth. These differences were
larger in magnitude in experimental compared to contralat-
eral tissues. In complete contrast, however, no differences
were apparent in 10 of the 12 femoral groove samples
compared to not-indented normals.
Preliminary data taken from the feline patellofemoral
joint at 16 weeks following ACL-T demonstrate a similar
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scores (Table III) as a function of surgery (contralateral (contra),
experimental (exp)) and site (patella, femoral groove (femur)) for
each subject.site-speciﬁc histological disparity with signiﬁcant differences
evident in the experimental patellae but none in the femoral
grooves39. Brandt et al.24 described ﬁbrillation or ulceration
of the articular cartilage in two of the three experimental
patellae with contralateral patellae appearing grossly
normal in the dog 54 months post-ACL-T. Unfortunately,
they did not report on the femoral groove articular cartilage.
Additionally, differences in human patellar cartilage in-
cluding ﬁbrillation, ﬁssuring, softening and swelling occur at
an earlier age, are more severe and cover a larger portion of
the cartilage surface on the patella compared to the femoral
groove. This observation being consistent for subjects
undergoing autopsy1,5,6 and surgery2,3.
It is interesting that two directly articulating cartilage
surfaces of a joint experiencing the same load magnitudes
could have such contrasting adaptations to ACL-T. We
speculate that this could be a result of the different nature of
the loads; areas of the patellar articular cartilage being more
consistently loaded throughout the range of motion of the
knee compared to the intermittent loading of the femoral
groove as the patella slides along its length. It is interesting
to note that in the animals used for this study a similar
phenomenon occurred in the experimental tibiofemoral
joint. The more consistently loaded tibial plateaus all
showing more severe differences to the cartilage (full/
partial-thickness erosions) compared to the intermittently
loaded femoral condyles (texture changes and only one
partial-thickness erosion). In a similar vein, Adams23
observed a smaller increase in cartilage tissue mass in
the more constantly loaded surface of a given joint (the tibial
plateaus compared with the femoral condyles and the
patellae compared to the femoral grooves) in dogs 3 days to
63 weeks post-ACL-T.
In addition to the contrasting nature of the loads
experienced by the patellae and femoral grooves, these
opposing cartilages differ in their histology and material
properties in healthy tissue9,32. Differences exist in param-
eters such as cartilage thickness, chondrocyte shape and
chondrocyte volumetric fraction in both magnitude, depth
distribution and their response to a given load in feline
patellofemoral articular cartilage32. The patella surface is
convex compared to the concave femoral groove. Further-
more, human patellar cartilage has a lower compressive
aggregate modulus and proteoglycan content, and a higher
permeability and water content compared to femoral groove
cartilage9. One of these differences, or a combination of
them, may act to predispose one of the articulating surfaces
to pathology.
We would also speculate that the patellar and femoral
groove cartilages have inherent differences in their bi-
ological response capabilities to a given loading scenario.Table IV
Comparison of cartilage thickness and compressive strain for patellar and femoral groove cartilage at various states of disease. The data from
the disparate experimental femoral grooves (nZ 2) have been isolated from the normal looking experimental femoral samples (nZ 4) for
clarity
Normal Contralateral Experimental
Normal Disparate
Patella Thickness (mm) (meanGSD) Not-indented 432G 87 337G 73 645G 151
Indented 242G 73 253G 63 420G 71
Compressive strain (%) 44 25 35
Femoral groove Thickness (mm) (meanGSD) Not-indented 217G 31 188G 32 211G 76 420G 25
Indented 140G 27 131G 18 148G 38 241G 2
Compressive strain (%) 36 30 30 43
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Fig. 8. Chondrocyte shape as a function of normalised cartilage depth (0Z surface, 1Z cartilageebone interface) for (a) patellar and (b)
femoral groove cartilage. Each graph shows values for normal, contralateral (contra) and experimental (exp) cartilage in the not-indented and
indented states. The data from the disparate experimental (dis exp) femoral grooves (nZ 2) have been isolated from the normal looking
experimental femoral samples (nZ 4) in (b) for clarity. Each point represents an average value of chondrocyte shape across a 5% or 10% bin
of cartilage depth. Error bars represent one SD from the mean. Representative ellipses placed at their corresponding values of chondrocyte
shape are shown pictorially on the right.Cyclically loading the rabbit patellofemoral joint for 1 h using
quadriceps stimulation showed a distinct and statistically
signiﬁcant increase in messenger RNA (mRNA) levels of
tissue inhibitor of metalloprotease-1 (TIMP-1) compared to
unloaded controls and unloaded contralateral knee articular
cartilage40. Furthermore, the TIMP-1 response was signif-
icantly greater in the articular cartilage of the femoral groove
compared to that of the patella. Signiﬁcant differences in
matrix metalloprotease-3, basic ﬁbroblast growth factor,
aggrecan and biglycan mRNA levels were also found in the
patellar compared to the femoral groove cartilage indepen-
dent of the loading protocol. Site speciﬁcity of cartilage
mRNA levels in the rabbit knee has also been reported at 3
and 8 weeks post-ACL-T41. For example, aggrecan was
only upregulated in the medial femoral condyle and not in
the corresponding medial tibial plateau of the experimental
limb compared to non-operated controls 8 weeks post-
surgery. Biglycan, however, was upregulated in the medial
tibial plateau but not in the corresponding medial femoral
condyle. Together, this evidence would suggest that
opposing cartilage surfaces of the knee; patellar and
femoral groove, or tibial plateau and femoral condyle,
respond differently at the mRNA level to the same
alterations in load.
Also of interest in the present study was the effect of long-
term ACL-T on the articular cartilage response to a given
load. In particular, we described a deeper indentation shapewith steeper sides in the experimental compared to normal
patellar cartilage, and an absence of the realignment of
deep zone cells at angles of 45( and 135( which was
evident in normal cartilage. Interestingly, Glaser and Putz42
reported similar differences between intact cartilage and
cartilage with the superﬁcial or the superﬁcial and middle
layers removed when comparing collagen ﬁbre deformation
and organisation with static load. They applied a static load
of 0.42 MPa or 0.98 MPa to osteochondral plugs of bovine
femoral head cartilage using a ﬂat-ended rectangular
indentor. They describe a steeper angle of inclination of
the lateral walls of the indentor’s impression after removal of
the superﬁcial layer, and a rectangular indentor impression
with both superﬁcial and middle layers removed. Further-
more, the area of collagen ﬁbre ‘bulging’ observed under-
neath and around the indentations in intact cartilage was
reduced with removal of the superﬁcial layer. This bulging
effect caused collagen ﬁbres to bend outwards to align at
angles closer to 45( and 135( in intact cartilage. The ﬁbres
remaining closer to 90( in defective tissues. The similarity
in these results would suggest that certain aspects of our
long-term ACL-T model are also present in the superﬁcial
and middle layer removal model. These would include loss
of integrity of the articular surface due to a disturbed
collagen network and an altered histological organisation
including rounded and clustered chondrocytes throughout
the remaining tissue depth. Despite these similarities other
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represents an average value of aspect ratio change across a 10% bin of cartilage depth. Normalised change in chondrocyte aspect ratio is
positive (cells becoming ﬂattened with compression) for all samples.aspects of the ACL-T model were not mirrored in the layer
removal model. These include thicker cartilage and a graded
proteoglycan staining density being smallest at the tissue
surface. These differences in the models could help explain
why the more intense matrix deformation deeper in thecartilage tissue seen by Glaser and Putz was not evident in
our long-term ACL-T samples.
A further effect of long-term ACL-T on the articular
cartilage response to a given load was the larger de-
formation of superﬁcial patella chondrocytes in experimental0
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Fig. 10. Chondrocyte volumetric fraction as a function of cartilage layer for (a) patellar and (b) femoral groove cartilage. Each graph shows
values for normal, contralateral (contra) and experimental (exp) cartilage in the not-indented and indented states. The data from the disparate
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1111Osteoarthritis and Cartilage Vol. 13, No. 12compared to contralateral and normal tissues [Figs. 8(a)
and 9]. This effect was also evident in the two disparate
experimental femoral groove samples [Fig. 8(b)]. If local
chondrocyte deformation is assumed to be indicative of
local matrix deformation (and vice versa) then this would
suggest that the matrix in the superﬁcial layer of these
samples underwent a larger strain. This would seem
a reasonable conclusion in the light of the decrease in
proteoglycan staining in this layer of the cartilage as well as
the loss of integrity of the articulating surface. A schematic
representation comparing the differences between normal
and experimental cartilage histology and the structural
reorganisation that occurs with load is shown in Fig. 11.
The complex depth-varying structural and mechanical
properties of articular cartilage, some of which are evident
in the long-term ACL-T cartilage used in this study, has
been investigated in many other studies with a wide variety
of approaches. The structure of the individual molecules
that constitute articular cartilage including chondrocytes,
proteoglycan molecules and collagen ﬁbres has been
shown to vary with depth from the articular surface in both
healthy and OA cartilages43e47. Furthermore, the way in
which these molecules are organised relative to each other
is also dependent on tissue depth giving cartilage its unique
layered structure38,48. Cytoplasmic processes have been
recently observed for the ﬁrst time in human tibial plateau
chondrocytes43. The processes emanate from the cell
bodies of chondrocytes from all zones and from cartilage
of all grades of degeneration. Superﬁcial and mid-layer
chondrocyte volume was also reported to increase with
degree of cartilage degeneration and there was an apparent
increase in chondrocyte volume in the superﬁcial through to
the deep layer of healthy tissues. The heterogeneous
structural and organisational properties of articular cartilage
with depth are closely related to the functional properties of
the tissue. One such property, the conﬁned compressive
modulus, was shown to range from 0.079 MPa in the
superﬁcial layer to 2.10 MPa in the deep layer of bovine
patellofemoral groove cartilage49. Local tissue strains have
been shown to vary with depth in a variety of healthy
cartilage tissues29,32,45. In patellar and humeral head
cartilage, strains are largest in the middle layer and smallest
in the deep layer29,32, however, in femoral groove tissue
strains are largest in the superﬁcial layer and smallest in the
Normal Experimental
Not-
indented
Indented
Fig. 11. A schematic representation comparing normal and
experimental cartilage in the not-indented and indented states.
Lines represent collagen ﬁbres and ellipses represent chondro-
cytes. Changes to cartilage histology in the superﬁcial and middle
layers with ACL-T alter the structural reorganisation that occurs
throughout the cartilage depth with indentation.deep layer32,45. If we assume that local chondrocyte
deformation is indicative of local matrix deformation, then
the chondrocyte deformation results from the present study
would suggest that in these long-term ACL-T tissues,
cartilage strains are largest in the superﬁcial layer and
smallest in the deep layer of patellar tissue and largest in
the middle and smallest in the deep layer of femoral groove
cartilage. In effect therefore, the long-term ACL-T patella
cartilages appear to be adopting a strain distribution similar
to that of a healthy femoral groove and the long-term ACL-T
femoral groove cartilages a distribution similar to that of
a healthy patella.
Of further note in the present study were the differences
to cartilage histology in the not-indented contralateral
patellae. The disparities of these tissues were similar in
nature, though generally less pronounced than those seen
in the not-indented experimental patellae, were consistently
observed in ﬁve of the six animals, and were similar to those
observed in preliminary data taken from the experimental
patellae of 16 week post-ACL-T cats39. This evidence
supports the notion of a delayed secondary effect in the
non-operated hindlimbs of ACL-T animals. This could result
from the altered loading of the hindlimbs that occurs during
the ﬁrst 6 months post-ACL-T surgery17. The contralateral
hindlimb experiencing increased ground reaction forces in
both the vertical and anterioreposterior directions compen-
sating for the decrease in these forces in the experimental
limb. Alternatively, though less likely due to the isolation of
articular cartilage from the neural and vascular systems,
there could be a systemic effect which would enable the
biological and biochemical differences in the experimental
knee to directly affect the contralateral knee. One might also
expect a systemic effect to inﬂuence both the hip and ankle
joints of the experimental and contralateral limbs as well as
the contralateral knees. This was not the case with our
subjects as all hip and ankle joints appeared grossly normal
with the exception of the hips from one subject. The precise
age of the animals used in this study is not known, therefore
any differences in age between the normal and ACL-T
subjects could also be a factor inﬂuencing this normal vs
contralateral disparity. In contrast to the dog, however, OA
does not spontaneously occur in the cat with old age,
making age an unlikely factor affecting this disparity.
The two out of four experimental femoral grooves that
demonstrated histological disparity also require discussion.
Neither of these grooves belonged to the subject with the
dislocated patella, and there do not appear to be any other
‘global’ factors such as subject mass, time post-transection,
or knee width or laxity which might isolate these two
subjects from the others. We would speculate therefore that
the histological differences observed in the feline patellofe-
moral joint after long-term ACL-T progress over a time
course of years and manifest initially in the patella and later
in the femoral groove. In a similar fashion, cartilage
ﬁbrillation and lesion in the human patellofemoral joint is
initially evident in the patellar cartilage and progresses later
to the femoral groove1,5. It will be of interest to see if the
three remaining ACL-T cats, now O94 months post-
surgery, will demonstrate histological disparity in the
femoral groove.
As mentioned earlier, the data described here are unique,
and therefore the majority of our measurements cannot be
speciﬁcally compared with other studies. In general,
however, the main results discussed above agree well with
the literature. The methods used in the present study are
almost identical to those of an earlier investigation using
healthy feline articular cartilage32. The change in chondrocyte
1112 A. L. Clark et al.: ACL-T patellofemoral joint cartilageshape and volumetric fraction evaluated in healthy
feline cartilage agreed well with results from healthy
canine45 and bovine cartilage28 measured using confocal
microscopy and chemical ﬁxation techniques, respectively.
This agreement gave us conﬁdence in our ability to
accurately evaluate chondrocyte shape and volumetric
fraction in articular cartilage under in situ indentation and
ﬁxation conditions using our methodology. The major
changes made to this protocol for use with ACL-T cartilage
involved increasing the cartilage ﬁxation time from 2 to 4
or 5 h for the patellae, and taking both not-indented and
indented samples from the same 3! 1 mm osteochondral
block. Any adverse effects from these alterations would
result in diminishing the major ﬁndings reported in this
study. The longer ﬁxation times possibly causing the
cartilage to shrink33, and the not-indented section being
close enough to the indentation to be inﬂuenced in part
by the load.
Partial recovery of the applied deformation after ﬁxation
and removal of the load and error in locating the exact
centre of the indentation site with our sectioning may have
also inﬂuenced our results. As before, however, this
inﬂuence would have lessened the magnitude of our
observations, with cartilage and chondrocytes in indented
samples having opportunity to recover from their fully
compressed state and chondrocytes from sections away
from the centre of the indentation being compressed less
than those at the exact centre50. With all specimens we
observed smooth and repeatable unloading portions of the
stress-relaxation curves, preservation of the cylindrical
shape of the indentation after removal of the load and full
thickness ﬁxation of cartilage sections. These observations
together give us some conﬁdence that there was little or no
recovery of the samples after removal of the load, however,
the possibility of some ‘bounce back’ occurring cannot be
completely ruled out.
The animals used for this study were sacriﬁced between
57 and 74 months post-ACL-T (Table I). There are a number
of factors contributing to this variability including the animals
belonging to three different series of ACL-T surgeries that
were conducted 6 months apart and also the sacriﬁce dates
spanning a year and a half. As the animals were getting
older, sometimes their health deteriorated (kidney disorders
were most frequent) and it was necessary to put them
down. Thus, the sacriﬁce dates were sometimes beyond
our control. Correlations of all of the properties measured in
this study with duration of ACL-T have been carried out.
Statistical analyses (Spearman’s rho test for non-parametric
correlations, P! 0.05, two tailed test) revealed that there
were no signiﬁcant (P! 0.05) correlations between any of
the measured properties with duration of ACL-T. Therefore,
it seems reasonable to compare these animals despite the
variability in duration of ACL-T.
To our knowledge, there has only been one other study
which has kept animals for such a long time period post-
transection. This study24 followed three dogs out to 54
months post-ACL-T. For Brandt et al.24, following a larger
number of dogs for this length of time after ACL-T was
precluded by maintenance costs; US$400/month at sacri-
ﬁce. We followed six cats (twice as many as Brandt et al.)
and our maintenance costs (housing and food only) at
sacriﬁce were CDN$1125/month for the six animals.
The methodology used in this study has enabled cartilage
loading and ﬁxation to be carried out in situ in preference to
an in vitro osteochondral plug. Furthermore, the detailed
characterization of in vivo and in situ patellofemoral forces
and contact areas and pressures have enabled our appliedpressures to be set at a physiologically meaningful
magnitude. Static compression with a cylindrical, 1 mm
diameter, metal indentor, however, is still a long way from
mimicking the dynamic, cyclical, cartilage on cartilage
loading that typically occurs in the in vivo joint. It has been
shown theoretically that repetitive compressive loading of
a given area of articular cartilage would lead to the same
steady state deformations as a static load51. The cartilage
and chondrocyte deformations evaluated under static
compression in this study may therefore be similar to those
occurring in vivo in a feline patellofemoral joint after an
extended period of gait. As discussed above, however, the
intermittent vs consistent loading, and the shear vs
compressive components of the forces experienced by
different areas of a given joint, may have a profound effect
on the site-speciﬁc histological changes, and therefore
presumably on the biomechanical, biochemical and bi-
ological response of that joint to in vivo loading. Further-
more, the non-conforming and impermeable properties of
a discrete indentor are very different from the compliant,
permeable, cartilage on cartilage contact that would
naturally occur in the patellofemoral joint. In particular,
one might expect the abrupt changes in cartilage loading
occurring at the edges of contact with a metal indentor to be
considerably more gradual in a natural joint with conforming
joint surfaces and ‘soft’ cartilage properties. It is important
therefore when investigating the effects of load on articular
cartilage that we ensure that the loading experienced by the
cartilage in our experiments is similar in nature to what it
experiences in vivo if our results are to be applicable to the
in vivo setting.
In summary, this study provides unique systematic data
describing the histological differences of the cartilage of the
feline patellofemoral joint after long-term ACL-T compared
to normal. The patella demonstrating signiﬁcantly more
pronounced adaptation than the femoral groove. Further-
more, the inﬂuence of this disparity on the response of the
articular cartilage to load has been described and quanti-
ﬁed.
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